Bacteria of the genus Dehalococcoides play a key role in bioremediation of chlorinated ethenes due to their ability to completely transform these toxic groundwater contaminants into benign ethene (4, 10, 24) . However, bioremediation applications are limited by several physiological characteristics of Dehalococcoides that make these bacteria challenging to stimulate in the environment or to cultivate in the laboratory, including long doubling times (0.8 to 2.4 days), low cell yields (0.24 to 4.9 g of protein/mol of Cl Ϫ released) (8) , and specific requirements for a variety of exogenously supplied compounds (e.g., hydrogen as an electron donor, acetate as a carbon source, and cobalamin as a cofactor) (9, 24, 35) . Further, it has been reported that generating large quantities of active Dehalococcoides in a timely manner can represent a significant challenge (36, 41) . Recent genome sequencing and annotation of several Dehalococcoides isolates have enabled novel molecular and biochemical approaches to improve our understanding of their physiology (16, 17, 20, 39) , which in turn can lead to the identification of biological mechanisms that limit bioremediation applications using Dehalococcoides species.
Genome annotations of four sequenced Dehalococcoides strains reveal that each strain possesses nine genes encoding two putative ATP binding cassette (ABC)-type amino acid uptake carriers (19, 25, 35) (www.img.jgi.doe.gov) (see Table  S1 in the supplemental material). For strain 195, one of the transporters encoded by six genes (DET0938, DET0941 to DET0945), is annotated as a high-affinity branched-chain amino acid transporter (35) , which might be expressed to uptake leucine, isoleucine, and valine across the cytoplasmic membrane of cells. The other transporter encoded by three genes (DET0417 to DET0419) is likely a polar amino acid transporter (35) . However, the putative substrates of this transporter are still indeterminate, in that each subunit of the DET0417 to DET0419 transporter seemingly has various substrates (see Table S1 in the supplemental material), and functional annotation based on sequence is often inexact. Nevertheless, a previous transcriptomics study with strain 195 demonstrated the expression of these genes during exponential growth stages (16) , suggesting a potential role in the uptake of exogenous amino acids. Maymo-Gatell et al. (24) reported that the addition of Casamino Acids (a complex acid hydrolysate of casein including most amino acids except tryptophan [27] ) re-sulted in the enhancement of strain 195 dechlorination. A recent paper reported that, in contrast to the initial sequence annotation of strain 195, this strain synthesizes all 20 common amino acids for biomass protein production with acetate and CO 2 as carbon sources (39) . Taken together, previous studies raised two questions about the utilization of exogenous amino acids by Dehalococcoides spp.: (i) whether the presence and expression of the ABC transporters lead to the phenotypic function of importing amino acids and (ii) whether any of the imported amino acids plays an important role in facilitating robust and sustainable Dehalococcoides growth.
Interestingly, a very recent study using a constraint-based model demonstrated an in silico enhancement of biomass yield of Dehalococcoides as a result of unlimited uptake of exogenous amino acids (15) . The extensive computational model was largely based on the genome sequences and associated annotations of Dehalococcoides spp., which may or may not accurately reflect the specific phenotypic functionalities related to the import and incorporation of amino acids. The study described here used isotopomer-based metabolite analysis to quantitatively differentiate the amino acids that were preferentially incorporated from those that were de novo synthesized by D. ethenogenes strain 195. Further, physiological changes of strain 195 caused by the imported amino acids were quantified. Reverse transcription-quantitative PCR (RT-qPCR) was used to assess whether the genes involved in biosynthesis and transport of the favorable amino acids were differentially expressed in response to exogenous amino acid amendment. Bacterial strain and culture conditions. D. ethenogenes strain 195 was grown in batch cultures at 34°C in 160-ml glass serum bottles containing 100 ml of defined mineral salt medium and a H 2 /CO 2 headspace (80/20 [vol/vol]) as described previously (39) . The medium was amended with a modified Wolin vitamin solution containing a 50-g/liter final B 12 concentration (9). Sodium acetate (2 mM) and liquid TCE (7 l) were added to the culture medium as the carbon source and electron acceptor, respectively. To identify the amino acids that strain 195 took up from the medium, tracer experiments were conducted using [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]sodium acetate as the carbon source, with unlabeled 20 common amino acids (20 mg/liter each) as supplements. In order to observe amino acid uptake by fully acclimatized cultures and reduce the effect of unlabeled carbon from the inoculum (3%), strain 195 was subcultured five times in the same experimental conditions before being harvested for isotopomer-based metabolite analysis. Because of the presence of at least one uptake system that was found or predicted for each amino acid (23) , Escherichia coli K-12 MG1655 was used as a positive control in order to verify the analytical methods. Strain MG1655 was cultured aerobically with [U- 13 C]glucose (2 g/liter) in M63 minimal medium (34) , with or without amendment of 20 amino acids (50 mg/liter each). Strain MG1655 was grown from a 0.5% inoculum and harvested in the late exponential growth phase (optical density at 600 nm ϭ 1).
MATERIALS AND METHODS

Chemicals
In order to reveal the long-term growth effects of amino acid amendments, strain 195 was grown with different amino acid amendments over five subcultures (with similar initial cell densities) prior to quantifying dechlorination and growth rates for comparison. Four cultivation conditions were compared: AA20, amended with all 20 common amino acids (20 mg of each/liter); AA4, amended with phenylalanine, leucine, isoleucine, and methionine (20 mg of each/liter); AA1, amended with 20 mg of phenylalanine/liter; and AA0, an unamended culture. All subcultures were inoculated with similar initial cell densities in order to avoid the effect of various initial cell concentrations.
Analytical methods. For isotopomer-based metabolite analysis, approximately 2 liters of liquid culture (ϳ7.7 ϫ 10 7 cells/ml) from 20 individual 125-ml bottles were aseptically harvested by centrifugation (22,000 ϫ g, 4°C, 15 min) for each experimental condition. Cell pellets were washed with sterile MilliQ water three times and stored at Ϫ80°C before use. The preparation and isotopomeric analysis of proteinogenic amino acids were performed as previously described (31, 38) . In brief, biomass was hydrolyzed in 6 M HCl at 100°C for 24 h. During the hydrolysis, tryptophan and cysteine are degraded, while asparagine and glutamine are converted into aspartate and glutamate, respectively. The amino acid solution was dried under air flush overnight. Amino acid samples were derivatized in tetrahydrofuran (THF) and N-(tert-butyl dimethylsilyl)-N-methyl-trifluoroacetamide (Sigma-Aldrich) at 70°C for 1 h. A gas chromatograph (HewlettPackard, model 6890; Agilent Technologies, Palo Alto, CA) equipped with a DB5-MS column (J&W Scientific, Folsom, CA) and a mass spectrometer (model 5975; Agilent Technologies) was used for isotopomer analysis. Two types of charged fragments were clearly detected by gas chromatography-mass spectrometry for the derivatized amino acids: [M-57] ϩ group was used to obtain the isotopomer labeling information of those amino acids. The final isotopomer labeling fractions were indicated as follows: M0 (unlabeled fraction), M1 (singly labeled fraction), M2 (fraction with two labeled carbons), M3 (fraction with labeled three carbons), and so forth.
For determining the compositions of the proteinogenic amino acids of strain 195, approximately 100 mg (wet weight) of cell pellets (n ϭ 2) was harvested from different amino acid amendment conditions by centrifugation as specified above for isotopomer-based metabolite analysis. The analyses were performed by the Molecular Structure Facility, University of California, Davis (http://msf .ucdavis.edu/), using a Beckman 6300 amino acid analyzer (Beckman Coulter, Inc., Fullerton, CA).
Ethenes in culture headspace were measured using a gas chromatograph (Hewlett-Packard, model 5890; Agilent Technologies) with a 30-m J&W capillary column and a flame ionization detector as described previously (9, 38) .
Quantification of cell numbers with different amino acid amendments.
To compare the growth rates of strain 195 under different amino acid amended conditions, 2-ml cultures were periodically sampled from three replicate culture bottles for DNA extraction. Cells were pelleted by centrifugation (14,000 rpm and 15 min at 4°C) and stored at Ϫ20°C until extraction. Genomic DNA (gDNA) was isolated by using a DNeasy Blood & Tissue kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's instructions. Since each strain 195 cell contains only one copy of the tceA gene (35) , cell numbers were represented as tceA gene copies per ml of culture medium. tceA gene copies were quantified from triplicate qPCRs performed on each of the triplicate DNA samples by using a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). Briefly, each qPCR mixture contained 2 l of sample gDNA or a 5-fold serially diluted standard, 1ϫ Fast SYBR green Master Mix (Applied Biosystems), and 0.5 M concentrations of each forward and reverse primer (see Table S2 in the supplemental material). Standard curves for qPCR analysis of tceA genes were generated from known concentrations of strain 195 gDNA with linear regression R 2 values of 99.9% and amplification efficiencies of 99.5 to 105.3%. RNA extraction, reverse transcription, and qPCR. When ca. 67% of added TCE was dechlorinated, 100 ml of active strain 195 cells (mid-exponential-phase cultures) were collected for RNA extraction from each of triplicate culture bottles representing AA0, AA4, and AA20. Cell samples were collected by filtration through sterile 0.2-m-pore-size membrane filters, flash-frozen in liquid nitrogen, and stored at Ϫ80°C for up to 2 weeks before RNA extraction (16) . Total RNA was prepared from frozen cells using an RNeasy minikit (Qiagen) according to the manufacturer's directions. Contaminating DNA in RNA samples was removed with three consecutive rigorous DNase I treatments using a DNA-free kit (Ambion, Austin, TX) according to the manufacturer's directions. Purified RNA was stored at Ϫ80°C prior to further use. RNA integrity was checked on a 2100 Bioanalyzer RNA 6000 Nano LabChip (Agilent Technologies), and RNA quantification was determined using a Ribogreen assay on a NanoDrop 3300 Fluorospectrometer (Thermo Scientific, Wilmington, DE). The total mass of purified RNA extracted from the 100-ml cultures ranged from 1.7 to 3.4 g. cDNA was synthesized in 40-l reaction mixes containing 50-ng RNA templates, 0.5 M concentrations of random hexamer, and 50 U of reverse transcriptase by using a TaqMan reverse transcription reagent kit (Applied Biosystems) as described previously (21) .
cDNA samples from the reverse transcriptions were diluted 5-fold with nu-clease-free water and quantified in three replicate qPCRs using Applied Biosystems SYBR green fast mix and primers specific to strain 195's genes of interest (see Table S2 in the supplemental material) as previously described for quantifying tceA gene copies. Relative standard curves for qPCR analysis were generated from 5-or 10-fold serially diluted pooled cDNA with linear regression R 2 values of Ͼ99.0% and amplification efficiencies within a range of 100% Ϯ 10% (see Table S2 in the supplemental material). Three optimal reference genes-16S rRNA gene, DET0435 (prs), and DET1606 (recA)-representing the most stable reference genes from a set of tested candidate reference genes were selected by the GeNorm software for normalization (42) . REST 2009 software (30) was used to normalize the genes of interest to the geometric mean of the three reference genes, to calculate the relative expression ratios between AA4, AA20, and control (AA0) samples, and to identify statistically significant differences in transcript levels. Statistical significance for the gene expression data of the branched-chain amino acid transporter (DET0941, DET0942, and DET0944), tceA (DET0079) and pheA (DET1547) were tested in three conditions (AA0, AA4, and AA20) using pairwise comparison, in order to evaluate their response to the presence of the putative substrates. The P values obtained from these tests were then adjusted to correct for multiple comparisons by applying a sequentially rejective procedure using Holm tests (7) . The polar amino acid transport genes (DET0417 to DET0419) were assessed for only two experimental conditions (AA0 and AA20), since AA4 probably does not contain the putative substrates for this transporter. P values of Ͻ0.05 were considered statistically different for DET0417 to DET0419. Only genes exhibiting differential expression of Ͼ2-fold, i.e., log 2 (relative expression ratio) Ͼ 2, were considered biologically significant (16) .
RESULTS
Incorporation of amino acids by strain 195.
In order to determine which amino acids were imported and incorporated by strain 195 during growth, experiments were performed using 13 C-labeled acetate as the carbon source with amendment of 20 unlabeled amino acids, and isotopomer analysis was applied to quantify dilution of labeled amino acids within cells. Since strain 195 possesses all pathways needed for complete de novo amino acid biosynthesis (39), the rationale behind this experiment was to evaluate whether strain 195 prefers to import some amino acids from the medium rather than synthesizing them de novo.
In order to validate this isotopomer dilution method, we first applied it to E. coli strain K-12 MG1655, a strain known to be capable of both complete de novo amino acid synthesis and amino acid uptake from medium (3, 23, 40) , as a positive control. When this strain was grown with [U- 13 C]glucose in the presence of 20 unlabeled amino acids, isotopomer results (mass fraction M0) showed 30 to 98% dilution of all tested amino acids in the exponential growth biomass (Fig. 1) . This result confirmed the isotopomer dilution method for differentiating amino acid uptake from the medium from de novo synthesis. In addition to tryptophan and cysteine that are degraded during protein hydrolysis, Fig. 1 does not contain labeling information for arginine, since the mass spectra for arginine fragments (either [M-57] ϩ or [M-159] ϩ ) are not accurate due to peak overlap and rearrangement (2) .
When strain 195 was grown in medium with labeled acetate and unlabeled amino acids, a total of 13 amino acids exhibited dilutions greater than 5% (Fig. 1) . Eight of these are hydrophobic in nature, while the other five are hydrophilic with polar side chains (see Table S3 in the supplemental material). Only background level dilution rates (Ͻ5%) were detected for glutamate, glutamine, aspartate, and asparagine, indicating that they were not significantly imported by strain 195. The dilutions of serine and glycine were relatively low (ϳ10%), indicating that they are also mostly synthesized de novo (from 3-P-glycerate or C1 metabolism) (29) . Four amino acids exhibited Ͼ35% dilution (Fig. 1) , with phenylalanine (Phe) exhibiting the highest dilution of over 80%. Isoleucine (Ile), leucine (Leu), and methionine (Met) were the next highest imported amino acids, with 46 to 37% dilution. Although tyrosine shares a similar biosynthesis pathway to phenylalanine, it exhibited a lower labeling dilution (ϳ20%), indicating that tyrosine was mainly synthesized de novo.
Effects of amino acids on physiological traits of D. ethenogenes strain 195. The high dilution of Phe, Leu, Ile, and Met indicated that strain 195 was importing these amino acids under the experimental conditions. In order to assess the effects of the amendments on strain 195 physiology, a comparison of growth and TCE degradation was performed for strain 195 amended with different amino acid combinations, including no amino acids (AA0), Phe only (AA1), Phe, Iso, Leu, and Met (AA4), and all 20 common amino acids (AA20). TCE dechlorination patterns demonstrated that the AA0 culture dechlorinated ϳ65 mol TCE after 15 days, while the AA1, AA4, and AA20 cultures depleted the TCE within 10 days (Fig. 2) . The experiment also showed that AA1 generated less ethene than AA4 and AA20, and thus more vinyl chloride remained in the end. Furthermore, all three amino acid-amended cultures grew faster than the unamended culture AA0 (Fig. 3) . During the exponential phase, the amino acid-amended cultures exhibited shorter doubling times than did the unamended culture (Table 1) . Amino acid-amended cultures reached their highest cell number before day 8, while the unamended culture reached its highest cell number after day 10. In addition, the cell yields of the amino acid amended cultures were two to three times that of the unamended culture (Table 1 ). All amino acid amended cultures reproducibly exhibited very similar growth and degradation profiles, suggesting that the incorporated amino acids, especially phenylalanine, play an important role in enhancing biomass growth.
To test the hypothesis that variations in availability of amino acids for import and/or variations in growth rates may affect amino acid ratios within cells (32) , the proteinogenic amino acids in strain 195 were analyzed in AA0, AA4, and AA20. In each condition, overall amino acid composition of stain 195 exhibited negligible differences (see Table S4 in the supple- . Interestingly, we also found that the most abundant proteinogenic amino acids (i.e., alanine, aspartate/ asparagine, glycine, and glutamate/glutamine) did not correspond to the amino acids that were most preferentially imported from the medium (phenylalanine, isoleucine, leucine, and methionine). Transcript levels of the genes involved in ABC transporters and phenylalanine synthesis. RT-qPCR was used to investigate the transcriptional response of the putative ABC-type transporter genes to the presence of the putative substrates. Here, both ABC transporter genes exhibited no significant response to the presence of putative amino acid substrates in either the AA4 or the AA20 culture (Table 2) . Although DET0944, the gene encoding the substrate-binding protein for the branched-chain amino acid transporter, exhibited downregulation that was significant according to the P value, the fold change in relative expression ratio was not significant.
Since a major fraction of phenylalanine (Ͼ80%) was imported by strain 195, the potential regulation of imported phe- a F tests were performed to determine statistically significant differences (P Ͻ 0.05) in variances of the four conditions. b The doubling times were calculated from cell numbers during exponential growth on days 2 and 6 (tceA copies).
c The Cl Ϫ released was computed using only metabolic dechlorination from TCE to VC as described by Duhamel and Edwards (6). nylalanine on its biosynthesis pathway was investigated. The gene pheA (DET1547) that encodes the enzyme transforming prephenate to phenylpyruvate (see Fig. S1 in the supplemental material) contains an ACT domain. The ACT domain, derived from aspartokinase, chorismate mutase and TyrA (prephenate dehydrogenase), has a putative role as a regulatory module involved in a feedback inhibition regulated by the presence of phenylalanine on the catalytic enzyme(s) (22) . The transcript levels of this gene showed no significant differences between amino acid amended cultures and control AA0, indicating the absence of transcriptional feedback inhibition to phenylalanine synthesis by imported amino acids (Table 2) . Similarly, the reductive dehalogenase gene tceA was not regulated under AA4 and AA20 conditions.
DISCUSSION
Although strains of Dehalococcoides have been found in many different subsurface environments (11) , researchers have observed that the growth of Dehalococcoides is usually more robust in complex microbial communities than in isolation (9) . Additions of cofactors such as vitamin B 12 and complex nutrient supplements have been found to enhance both the dechlorination and growth of Dehalococcoides (24) . Identification of other important growth factors for the robust and sustained cultivation of Dehalococcoides could lead to improved understanding of the physiology of this organism and to potentially more successful bioremediation strategies (36, 41) . Conventional cultivation-dependent screening techniques, such as a monofactorial analysis in batch culture experiments by stepwise omission of single amino acids, can be used for such identification as demonstrated by Holliger et al. (13) in their study with Dehalobacter restrictus.
In the present study, we used results of isotopomer dilution analysis to differentiate imported and synthesized amino acids by D. ethenogenes 195 and to further assay the physiological effects of these amino acids on this strain. Four amino acidsphenylalanine, isoleucine, leucine, and methionine-were successfully identified as effective nutrient factors for enhancing the growth yield and dechlorination rates of strain 195. By importing amino acids rather than synthesizing them de novo, strain 195 may save energy and alleviate bottlenecks associated with anabolic pathways that limit the growth rate of Dehalococcoides, as has been recently demonstrated in silico using a constraint-based model (15) . Based on estimations made for E. coli using acetate as a sole carbon and energy source, it costs about 13 to 87 high-energy phosphate bonds for a cell to synthesize one amino acid (1). Our isotopomer dilution results revealed that strain 195 could import some energetically costly amino acids (e.g., 35 to 58 phosphate bonds per amino acid in E. coli), such as phenylalanine, isoleucine, leucine, and methionine (37) . As a comparison, the energy cost is estimated to be 1 to 2 ATPs per amino acid for importing them from the growth medium (12, 26, 28) .
In addition, aromatic precursors (e.g., chorismate) of phenylalanine are likely the same precursors of ubiquinones that are integrated in large amounts into Dehalococcoides membranes, possibly involved in protecting against free radicals during reductive dechlorination (43) . Therefore, the availability of large amounts of exogenous phenylalanine might reduce the anabolic energy cost compared to biosynthesis of these high-energy consuming precursors. Interestingly, tyrosine shares some of the same precursor, prephenate, as phenylalanine (see Fig. S1 in the supplemental material), but tyrosine was mainly synthesized de novo by strain 195. Tyrosine synthesis is via prephenate dehydrogenase (EC 1.3.1.12; DET0460): prephenate ϩ NAD ϩ 3 4-hydroxyphenylpyruvate ϩ CO 2 ϩ NADH, whereas phenylalanine synthesis occurs via prephenate dehydratase: prephenate 3 phenylpyruvate ϩ H 2 O ϩ CO 2 . Consequently, the biosynthesis of tyrosine requires NAD ϩ as a reactant while producing NADH, which is predicted to be an important limiting factor for Dehalococcoides growth (15) . Therefore, Dehalococcoides cells may be able to grow more efficiently by allowing tyrosine synthesis to occur (generating NADH) while importing available phenylalanine from the medium in order to diminish competition for the prephenate precursor. Furthermore, although tryptophan is the most energy-intensive amino acid to synthesize (1, 37) , isotopomer analysis using current protocols is unable to measure this amino acid. Nevertheless, comparison of TCE dechlorination and the growth of strain 195 in AA4 and AA20 demonstrates negligible differences, indicating that the amino acids beyond the four most preferentially imported ones (including tryptophan) provide little additional benefit to strain 195 under the conditions tested in the present study. The amino acid dilution results indicated that strain 195 completely synthesized aspartate, asparagine, glutamate, and glutamine, even though these amino acids were available in the medium. This is distinctly different from fast-growing bacteria, e.g., E. coli strain K-12 MG1655, which showed significant import and utilization of all exogenous amino acids, as shown in Fig. 1 . This difference might be associated with the environmental origins of these two bacteria, where E. coli likely evolved a metabolism for fast growth in nutrient-rich environments, such as the guts of animals (14) , whereas Dehalococcoides is common in nutrient-scarce environments such as groundwater aquifers, where its metabolism may have evolved to rely heavily on de novo amino acid biosynthesis (5) . In addition, a total of 13 amino acids exhibited dilutions from 5% to Ͼ80% demonstrated that strain 195 can only selectively import and incorporate certain amino acids with different efficiencies. This finding is different from an assumption in the previous modeling study that Dehalococcoides were capable of unselectively taking in all amino acids (15) . The discrepancy between our results and the previous study indicates the understanding of Dehalococcoides physiology is still limited. Thus, the knowledge obtained here could be integrated into future in silico models of Dehalococcoides for a better simulation.
The genome annotations of strain 195 and other sequenced Dehalococcoides strains predict that the two ABC-type amino acid transporters would likely uptake amino acids with different characteristics of hydrophobicity and polarity (see Table S1 in the supplemental material). Although data from the isotopomer analysis confirmed 195's ability to import amino acids with different chemical characteristics (see Table S3 in the supplemental material) (e.g., hydrophilic Thr, Lys, and His, together with hydrophobic Pro, Ala, Tyr, Val, Met, Leu, Ile, and Phe), the actual substrate(s) for the transporters have not yet been positively identified. For example, the predicted branched-chain transporter (DET0938, DET0941 to DET0944) was annotated to have a broad substrate specificity, and bioinformatics findings suggest that this transporter is similar to the LIV-I/LS system in E. coli (33) , which catalyzes the translocation of not only Leu, Ile, and Val but also Phe and Tyr from the periplasm to the cytoplasm (18) . An analogous broad specificity was observed in E. coli strain K-12 MG1655 (Fig. 1) . However, these hypothetical substrates were not equally imported by strain 195, and a differential expression analysis revealed that the transporter genes were not regulated by the presence of their hypothetical substrates. The same was observed for the putative polar amino acid transporters of strain 195. It has been reported that transporters with broad substrate specificities tend to be constitutively expressed regardless of the presence of their substrates (23) and that may be the case in the present study.
In general, we demonstrate here that the specific amino acids that have stimulatory effects on slow-growing bacteria can be effectively identified by an isotopomer-based metabolite analysis. Moreover, although D. ethenogenes 195 exhibited no metabolic regulation for import of amino acids under the experimental conditions, exogenous amendment with one or more amino acids resulted in enhanced growth and dechlorination.
